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ABSTRACT 
The concept of anaerobic threshold (AT) was introduced during the nineteen sixties. Since 
then, several methods to identify the anaerobic threshold (AT) have been studied and 
suggested as novel ‘thresholds’ based upon the variable used to detect it (i.e. lactate threshold, 
ventilatory threshold). These different techniques have brought some confusion about how we 
should name this parameter, for instance, anaerobic threshold or the physiological measure 
used(i.e. lactate, ventilation). On the other hand, the modernization of scientific apparatus and 
methods, as well as the body of literature formed in the past decades, could provide a more 
cohesive understanding over the AT and the multiple physiological systems involved. Thus, 
the purpose of this review was to provide an integrative perspective of the methods to 
determine AT. 
 
Keywords: Aerobic exercise; Autonomic Nervous System; Catecholamines; Heart rate; 
Blood pressure; Blood glucose; Lactate; Ventilation. 
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1 INTRODUCTION  
 
 The historical concept of the anaerobic threshold (AT) can be idealized as an exercise 
intensity below which there is an increased contribution of energy associated with metabolic 
acidosis and consequently respiratory compensation [1, 2]. This concept was initially 
proposed by Wasserman and McIlroy in 1964, after conducting a study that aimed to identify 
an exercise intensity that provided a substantial, but safe, amount of physical stress for 
patients suffering from cardiovascular disease [3]. During that time, the metabolic acidosis 
provided by vigorous exercise was seen as a risk for those patients. Nowadays, the AT is 
considered a hallmark of scientific research, aerobic fitness [3-5] and is a widely used 
parameter for exercise prescription [6, 7]. 
Over the years, several methods to identify the AT have been studied and suggested as 
novel ‘thresholds’ based upon the variable used to detect it (i.e. lactate threshold, ventilatory 
threshold). These different techniques have brought some confusion about how we should 
name this parameter: for instance, anaerobic threshold or the physiological measure used, i.e. 
lactate, ventilation[3]. Nevertheless, the modernization of scientific apparatus and methods as 
well as the body of literature formed in the past decades could provide a more cohesive 
understanding over the AT and the multiple physiological systems involved. Therefore, the 
aim of this review is to provide an integrative perspective of the methods to determine AT. 
 
2 PHYSIOLOGICAL ENGINE 
2.1 Peripheral Stimuli and Autonomic Adjustment 
 Exercise is accompanied by a well-established increase in sympathetic activity and 
reduction in parasympathetic activity in regions that together increase heart rate, stroke 
volume and therefore cardiac output, facilitating the redistribution of blood flow to the active 
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skeletal muscles [8]. Such autonomic responses to exercise are triggered by the interactions of 
several central and peripheral neural mechanisms. The parallel activation of 
somatomotorcentres (SMC) and nucleus tractussolitarii (NTS), referred to as ‘central 
command’, provides a feedforward coupling of skeletal muscle contraction and adjustments in 
cardiovascular control [9]. 
 Central command (CC) is traditionally viewed as mediating the increase in heart rate 
at the onset exercise [10]. Peripheral stimuli are conducted via appropriate afferents, including 
skeletal muscle mechanoreceptors and metabolically sensitive skeletal muscle afferents fibers 
(muscle metaboreflex) to the NTS, ascending from there to higher integrative areas in the 
central nervous system, such as the paraventricular nucleus of the hypothalamus [11, 12].  
In addition, afferent fibers carrying information from the skeletal muscles make 
excitatory synaptic contact with the GABAergic interneurons in the NTS, which in turn 
transmit signals to the nerve cells in the caudal ventral lateral medulla (CVLM) via excitatory 
glutamatergic synapses. The output of the CVLM provides the main inhibitory (GABAergic) 
inputs to the cardiovascular sympathetic neurons in the rostral ventral lateral medulla 
(RVLM), the main output neurons that regulate sympathetic nerve activity [13, 14]. Together 
with skeletal muscle afferents, arterial and cardiorespiratory baroreceptors also send inputs to 
the CC that may influence autonomic response during exercise [15].  
Integration of afferent signals within the brain stem results in efferent parasympathetic 
and sympathetic outflow. At sub-AT stages of exercise, efferent sympathetic activity to the 
heart, adrenal gland and blood vessels increases gradually and linearly to the imposed 
workload concomitant to a gradual parasympathetic withdraw [16, 17] to maintain cardiac 
output and others metabolic demands. Then, at 60 – 80% of VO2max generally occur total 
withdraw of parasympathetic tonus followed by a substantial increase in sympathetic activity 
[19]. At this point, autonomic modulation in the heart seems to completely stop by the 
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parasympathetic withdrawal, what is perceived in heart rate variability (HRV) cessation, 
characterized as the HRV threshold [19, 20].   
  
2.2 Neuroendocrine Response 
 The viscero-somatosensory stress stimuli in CC generates efferent outflow from the 
brain back to the periphery via two hormonal systems: (1) the hypothalamus-pituitary-adrenal 
axis (HPA), which releases adrenocorticotrophic hormone from the pituitary gland into the 
bloodstream, resulting in an increase in circulating glucocorticoids like cortisol secreted from 
the adrenal cortex; (2) brainstem catecholaminergic neurons and spinal cord efferents in the 
interomedial lateral column, which converge on preganglionic sympathetic neurons to 
activate the sympathetic nervous system and adrenal medulla, increasing circulating 
norepinephrine (NE) and epinephrine (Epi) [21, 22]. 
Circulating Epi is derived from the adrenal chromaffin cells located in the adrenal 
medulla. These cells are in many ways similar to a sympathetic postganglionic neuron, but 
instead of innervating specific target organs, they secrete their vesicular contents into the 
bloodstream [21]. During physical stress (i.e. exercise test) sympathetic nervous system is 
rapidly stimulated, leading to large increases in the secretion of Epi and NE from the adrenal 
chromaffin cells. These increases are needed to produce the changes in the function of the 
visceral organs, smooth muscles and glands, which are required to adapt to the instantaneous 
stress environment. During a physical activity situation, for instance, one of the major aims 
may be to maintain the supply of energy and O2 in the active muscles [21-23].   
 Therefore, total parasympathetic withdraw at certain intensity of exercise may cause 
hyperactivity in adrenal medulla and substantially increase circulating Epi and NE, marking 
the catecholamine threshold [24, 25]. 
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2.3 Hemodynamic and Metabolic Effects 
During exercise the major effect of Epi and NE is to redistribute the blood flow from 
the kidneys, gastrointestinal tract, and skin to dilating vessels in the skeletal muscles.  
Moreover, both Epi and NE are powerful cardiac stimulants. It increases heart rate (HR) and 
the force of myocardial contraction (chronotropism and inotropism). 
These effects are primarily mediated adrenergic receptors (Ars) accelerating heart rate 
by acting directly on pacemaker cells of the sinoatrial (SA) and atrioventricular nodes, as well 
as the conducting Purkinje fibers [26, 27]. During a progressive exercise test, the gradual 
enhancement of Epi and NE undergo a substantial increase at 60 – 80% of VO2max [24] and 
the cardiovascular consequence is a considerable rise in HR and peripheral vascular resistance 
(PVR) and consequently systolic blood pressure (SBP), causing a disproportionate rise in 
double product (DP), becoming the heart rate threshold [28, 29] and double-product threshold 
[23, 30-32] respectively.  
Circulating Epi also produces large increases in blood levels of glucose and free fatty 
acids as well as energy substrates for skeletal muscles, heart and brain during a sympathetic 
response like exercising [33]. Thus, blood glucose that tends to reduce during an incremental 
exercise test gets to a breakpoint and starts to rise, characterizing the glycemic threshold [5]. 
The rise in glucose may be due to inhibition of insulin secretion by an interaction ARs in the 
pancreas and increased glycogenolysis in most tissues, especially in the liver [21, 33]. 
At this point of progressive exercise, oxygen delivery to the tissues by the oxidative 
system may not account for all the energy use by the muscles. To ensure a continued supply 
of NAD+ for glycolysis through NADH oxidation, pyruvate resulting from anaerobic 
glycolysis is converted to lactate instead of being incorporated into oxidative metabolism[34, 
35], and its accumulation characterizes the lactate threshold (LT). This is very clearly 
described in an elegant review article by Svedahl and MacIntosh [3]. 
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The accumulation of lactate and high intramuscular hydrogen levels can modify the 
coupling of excitation-contraction of muscles assets, including properties of the muscle 
membrane and propagation of the action potential, leading to a decrease in strength and 
contractility [36, 37]. Thus, to compensate for the situation of acidosis during incremental 
exercise, there should be the recruitment of additional motor units with possible participation 
of type IIa and IIb fibers respectively, showing a nonlinear increase (breakpoint) in 
electromyographic activity [38]and characterizing the electromyographic threshold (EMGT) 
[39, 40]. Although EMGT highly correlates with LT and VT, it does not necessarily coincide, 
since the EMGT occurs between 80 and 92% of VO2max [38, 40]. 
 
2.4 Metabolic and Gas Exchange Dynamics 
Moreover, catecholamines have two major effects on the lungs: (1) a decrease in fluid 
secretion from bronchial glands, mediated by αAR; and (2) they relax bronchial smooth 
muscles, mediated by βAR [33]. Further, Epi has a particular and powerful bronchodilator 
effect, leading to increased O2 uptake and therefore high production of CO2, resulting in a 
disproportional rise in ventilation (VE) versus workload, known as the ventilatory threshold 
(VT) [41, 42]. 
 
FIGURE 1 HERE 
3 FINAL CONSIDERATIONSANDAPPLICATIONS 
In conclusion, AT may be summarized as a single physiological event.  However, the 
development of new methods was important in strengthening the physiological theory that 
supports the event in question. Moreover, the opposite is also true, since the theory allowed 
researchers within this field of knowledge to investigate the validity of new markers and with 
more practical applications, facilitating broad access to coaches, athletes and groups such as 
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diabetics, those with hypertension and the elderly. Future research should focus on training 
sensitivity of the testing methods, since all the physiological systems involved may adapt in 
different timings providing distinct responses after exercise training. 
 
FIGURE 2 HERE 
As a practical application, this perspective suggests that regardless of the method 
used, all seem to identify the AT at the same point or very close.  This finding is of great 
practical importance from many perspectives (e.g. invasive methods, financial cost) for 
professionals measuring and evaluating AT in the context of exercise testing and training. For 
instance, the use of the ventilatory equivalent for O2 (i.e. the ratio of minute ventilation to 
VO2) requires only an O2 gas analyzer and such equipment is less expensive than the 
equipment consisting of both O2 and CO2 gas analyzers, which are needed for the assessment 
of respiratory exchange ratio. Furthermore, using invasive methods (e.g.  blood lactate 
sampling) for exercise testing in specific populations such as children is not recommended. 
Since AT is identified similarly independently from the method, in such populations non-
invasive methods such as those based on respiratory parameters should be recommended. 
Thus, we suggest to professionals using any equipment capable of measuring some of the 
variables involved in the physiological event in question that, based on the theory, these can 
be identified without any problems. 
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FIGURE CAPTIONS 
Figure 1. Schematic representation of the physiological engine during anaerobic threshold. 
Increased sympathetic activity in nucleus tractus solitaries leads to in an elevated secretion of 
adrenal hormones and both increases the heart rate and blood pressure; epinephrine also 
increases glycogenolysis and consequently elevated glycaemia, leading to increased glucose 
use in skeletal muscles; the exacerbated production of anaerobic glycolisys metabolites (H+, 
lactate, CO2) input into respiratory centers, which increases ventilation. NTS: nucleus tractus 
solitaries; RC: respiratory centers; HR: heart rate; HRVT: HR variability threshold; HRT: HR 
threshold; NE: norepinephrine; Epi: epinephrine; CT: catecholamines threshold; VC: 
vasoconstriction; BP: blood pressure; DP: double-product; DPT: DP threshold; DPBP: DP 
breakpoint; GLUC: glucose; GT: glucose threshold; LT: lactate threshold; VE: ventilation; 
VT: ventilatory threshold.  
 
Figure 2. Schematic representation of some physiological variables used to identify the 
anaerobic threshold during incremental exercise testing.  RMSSD (vagal indicator of heart 
rate variability) - square root of the mean squared successive differences between adjacent R-
R intervals; SD1 (vagal indicator of heart rate variability) – instantaneous variability of beat 
to beat; Gluc – blood glucose; [lac] – blood lactate concentration; VE – ventilation; VE/VO2– 
ventilatory equivalents of O2; VE/VCO2 - ventilatory equivalents of CO2; CT – 
catecholamines threshold; DPBP – double product break point; GT – blood glucose threshold; 
LT – lactate threshold. 
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Figure 1 
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Figure 2 
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Highlights 
 Low-cost and high application methods to identify the anaerobic threshold. 
 It is possible to identify the anaerobic threshold regardless the population. 
 Individual method for aerobic exercise prescription. 
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